Photon rupture with a focused single pulse of pulsed YAG-laser irradiation was used to fabricate an aluminum electrochemical micro-reactor. Porous type anodic oxide film formed on aluminum specimens was irradiated in solutions with a pulsed Nd-YAG laser beam through a convex lens to fabricate micro channels, micro-electrode, and through holes (for reference electrode, solution inlet, and outlet). During irradiation, specimens were moved by a computer controlled XYZ stage. After irradiation, the surface of the micro-channel and through hole were again treated to form anodic oxide film and the surface of the micro-electrode was treated electrochemically to provide an Au layer. The calculated volume of the micro-reactor including micro-channel and through holes is about 1.5 µl. The cyclic voltammogram of the micro-electrochemical cell was measured in K 3 Fe(CN) 6 / K 4 Fe(CN) 6 with both static and flowing solution at different scanning rates. The anodic and cathodic peak currents were measured and the values depended on scanning rate and ion concentration when the solution was static. With the flowing solution, limiting currents were observed and the anodic limiting current was increased with the cubic root of the solution flow rate.
INTRODUCTION
Micro-reactor and micro miniaturized total analysis systems (µ-TAS) have been studied to investigate reduction in system size, waste solutions, and reagents, and to achieve high reaction rates [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . This kind of equipment has been developed on silicon, glass, and organic sheets by mask processes, photo lithography and LIGA processes. Kamidate et al. developed micro-channels on glass by photo lithography and detected luminescence related bio-chemical reactions [4, 5] . Ueno et al. fabricated micro-electrochemical reactors on plastic by mold printing [6 -9] . Organic electrochemical reactions [14, 15] and photo catalytic reactions [16] have also been studied using micro-electrochemical reactors.
Recently, oxide film stripping and surface patterning by photon rupture (focused pulsed Nd-YAG laser beam irradiation) has been reported [17] . The irradiation of a pulsed laser beam is able to strip the oxide film at extremely high rates (< 100 ns) without contamination from the film stripping tools. Chu et al. formed local nickel deposited layers by using a laser technique and electro-less plating [18 -21] . Some of the present authors, Kikuchi et al. [22 -24] , reported that complete removal of selected parts of anodic oxide film, from aluminum substrate by laser irradiation followed by electro-deposition and dissolution of the aluminum substrate, enables the fabrication of well-ordered three-dimensional microstructures and printed circuit boards. Recently, this technique is successfully applied in the fabrication of micro-actuators [25] and micro-channels formed in an anodic oxide film [26] .
Some of the present authors have developed two electrode type micro-electrochemical reactors on anodized aluminum by photon rupture and electrochemistry [27] . This micro-reactor made of aluminum has advantages, such as high electric and heat conductivity, and it is not fragile. However, the fabricated micro reactor is a two electrode system, and the meaning of the relationship between current and applied voltage is not clear. Therefore, there is an urgent need to develop a three electrode type micro-electrochemical reactor on anodized aluminum by this technique.
The purpose of this study is to develop a three electrode type micro-electrochemical reactor by a combination of anodizing, laser irradiation and electroplating, and to determine its performance with actual electrochemical reactions the cyclic voltammograms of the developed micro-electrochemical reactor was measured.
EXPERIMENTAL
Specimen : Aluminum sheets, 99 mass %, 1 mm thick, were cut into 15 x 25 mm 2 specimens. The specimens were degreased in an ethanol ultrasonic bath, mechanically polished by SiC paper, and then electro-polished in a mixture of 70 mass % perchloric acid and acetic acid, volume ratio 1 : 4, at a constant cell voltage of 28 V at 286 K. After electro-polishing the specimens were rinsed in doubly distilled water and acetone. KDS-200, was used to control the flow rate of solutions in the range 6.2 x 10 -2 to 1 µl/s. 
RESULTS

Fabrication of electrochemical micro-reactor
Electrochemical performance at static conditions
Commonly used ferric and ferrous ion containing solutions were used to investigate the electrochemical performance of the cell. There are no anodic and cathodic peak currents, but anodic and cathodic limiting currents appear at every potential scanning rate. These limiting currents increase slightly with increasing potential scanning rate. 4. Discussion
Anodic peak at static conditions
It is well known that the anodic peak current, I ap in the CV of a reversible reaction is explained as follows [28] ,
where F is the Faraday constant, R is the gas constant, A is the area of anode, T is the temperature, n is the electrons per molecule reaction, and D and c are the diffusion constant and the concentration of the ions. This equation shows that the anodic peak current is proportional to the square root of the potential scanning rate. Figure 11 shows changes in the anodic peak current with the square root of the scan rate of the potential at different concentration of the reactants. At both concentrations, the anodic peak current increases linearly with the square root of the potential scanning rate.
Because of the geometry of the micro-cell and channel, it is not clear that all of the Au coated area functioned as electrode. With equation (1) It is difficult to estimate flow rates in the micro-cell and all the flow experiments were performed with the same reactor, therefore, the volume flow rate is used as an alternative to the flow rate. Figure 12 shows changes in anodic limiting current with cubic root of solution flow rate at different concentration of the reactants and a scanning rate of 5 mV/s. At both concentrations, the anodic limiting current increases linearly with increasing cubic root of solution flow rate. This suggests that even at the fastest solution flow rate, 1 µl/s, the flow mode is still laminar and that it is possible to measure the concentration and diffusion constants of a species.
Conclusions
A combination of anodizing, laser irradiation, and electroplating was applied to fabricate a three electrode type micro-electrochemical reactor and the performance of measurements of electrochemical reactions with a reactor of these components was examined. The following conclusions may be drawn.
1) It is possible to fabricate the elements of a three electrode type electrochemical micro-reactor on anodized aluminum by a combination of anodizing, laser irradiation, and electroplating.
2) It is also possible to measure the cyclic voltammogram which depends on the concentration of reactants and potential scanning rate by the fabricated micro-reactor with both static and flowing reactant solutions.
3) Peak currents are obtained at static conditions and the anodic peak current increases with the square root of the potential sweep rate.
4)
There is a limiting current of the reactions at a solution flow condition and the anodic limiting current is proportional to the cubic root of the solution flow rate.
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